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Abstract 
The whale shark Rhincodon typus is the largest fish in the world.  The global population of 
R.typus is unknown however the International Union for Conservation of Nature (IUNC) 
classified it as Vulnerable in 2005.  To ensure a population of R.typus is maintained protection 
from direct fishing, by-catch and collision damage is required.  To be able to enact successful 
protection the habitat and range of R.typus must be known.  Many authors have conducted 
studies of R.typus in a variety of different locations and many more have reported sightings.  In 
many locations R.typus consistently appear annually and many authors have hypothesised 
reasons for their appearance.  What is not known however is whether these populations are 
isolated or inter-linked, and where these populations go when they are not at known sites. 
The aim of this thesis was to design the body of a vessel that could house the electronics and 
components designed to track an acoustic tag, survive in open ocean, and travel fast enough to 
keep up with R.typus allowing a long-term and high resolution track to be compiled. 
In order to design such a vessel many factors needed to be known.  A large part of this thesis is a 
review of literature to conclude the most appropriate type of vessel, the average speed of 
R.typus, hence the required speed of the vessel, and the sea state of the Red Sea, hence the 
conditions the vessel would be required to survive in. 
It was concluded that the average speed of R.typus is 1.2 knots; the Red Sea reaches Sea State 5-
6; and the most appropriate hull type for this project was a Small Waterplane Area Twin Hull 
(SWATH).  After following a design iteration process, a final design was completed that it is 
believed will achieve all the required objectives. 
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I. Introduction 
The whale shark, Rhincodon typus, is the largest fish in the world with an assumed maximum 
length of anywhere between 12m and 22m (Compagno, 2001).  Specimens have been reported 
up to 36 tonnes although the majority of catches are 4 – 11 metres and 0.5 – 10 tonnes 
(Compagno, 2001). 
The International Union for Conservation of Nature (IUNC) classified Rhincodon typus as 
Vulnerable in 2005 (Norman, 2009).  The reasons for its Vulnerable status are given as an 
observed, estimated, inferred or suspected population size reduction of ≥ 30% over the last 10 
years or three generations, whichever is the longer, where the reduction or its causes may not 
have ceased OR may not be understood OR may not be reversible, based on an index of 
abundance appropriate to the taxon and actual or potential levels of exploitation.  Also, a 
population size reduction of ≥ 30%, projected or suspected to be met within the next 10 years or 
three generations, whichever is the longer (up to a maximum of 100 years), based on actual or 
potential levels of exploitation (Norman, 2009). 
Documented fishing pressure has been reduced due to bans in many countries (e.g. Australia, 
India, Mexico and the United States) however the damage that was done to the whale shark 
population before these bans came into place is unknown (Norman, 2009).  Previously whale 
shark was very popular for meat in countries such as Taiwan, Pakistan and the Philippines, and 
for oil in countries like the Maldives and India.  With less numbers found, bans enforced and 
catch being officially reported, less whale sharks are being caught and an increased interest 
from tourists in swimming with whale sharks has led to income from catches being replaced 
with income from tourism in some areas (Norman, 2009).   
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The increased interest in tourism and the growing number of countries banning the fishing of 
whale sharks is all positive for the recovery of the species.  However there are many regions 
where it is still legal to fish whale sharks and there are still high numbers of illegal catches 
occurring in regions where it is not. 
One of the limitations with legal protection of a population of a species, particularly a marine 
species, is the distances that they roam.  Many large marine species travel vast distances 
through many different countries’ waters and so protecting a population in one place, or even 
multiple places, by no means guarantees its survival.  In order to protect a population of a 
species from fishing pressure it must be actively protected in every jurisdiction through which it 
travels.  This means lobbying every country whose waters a population travels through to 
implement catch limitations or bans. 
However for some species this stage of lobbying governments is yet to be reached as 
information on where populations of a species travel is unknown.  This is one of the barriers 
currently preventing the effective protection of the whale shark.  Known populations of whale 
sharks occur in many different places, examples being the Gulf of Mexico (Burks, et al., 2006), 
Ningaloo Reed in Australia (Gunn, et al., 1999) (Wilson, et al., 2006) and Whale Shark Reef in 
Saudi Arabia (Berumen, personal communication).  Question such as;  
 Do these populations interact?  
 Are the populations the same?  
 Do the populations remain isolated?  
 Where do these populations go when they aren’t at the sighting area?  
 Do these populations interbreed? 
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are all currently unanswered.  Answering these questions will help build up valuable amounts of 
data which can be used to protect such a beautiful and majestic species. 
Few studies have compiled high-resolution, low error, long-range, long-term movement 
patterns for whale sharks.  This project has been commissioned, in association with several 
parallel projects, to design and build a vessel capable of compiling such movement patterns by 
performing a continuous track of an individual. 
This project focuses on the mechanical aspects of the integrated satellite-acoustic tracking 
system (iSAT). 
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II. Project Aim and Objectives 
II.1 Aim 
iSAT will be a solar powered, motor driven, surface vessel capable of continuous, automated 
movement.  The vessel will have regular satellite connectivity to allow near-continuous tracking 
data and two-way communication.  The aim of iSAT is to provide the first real-time and 
continuous, Global Positioning System (GPS) quality movement track of a whale shark.   
Other projects are dealing with the electronics and software parts of iSAT; this thesis focuses on 
the mechanical aspect of the vessel. 
To enable it to track continuously a suitable hull and motor set must be designed and 
implemented.  There is a prototype hull constructed by a student last year with the aim of 
testing electronics and software.  This can also be used for initial testing of hull shape and 
motors. 
The aim of the project is then to design a hull to enable the iSAT fulfil its objectives. 
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II.2 Objectives 
A set of objectives can be written to achieve the project aim.  The hull and motor set must: 
 Survive in predefined sea conditions 
 Remain stable enough so sensors remain submerged 
 Be fast enough to keep up with whatever it is tracking for a period long enough to 
render useful results 
 Maintain enough power to be functional 24/7 
 Carry all required equipment 
 Ensure the solar panel does not get fouled 
 Have capacity for functional expansion 
Using these objectives, a set of criteria for the hull design have been determined and are 
presented in Table II.1 along with the stage the objective will need to be implemented. 
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Project Objectives Hull Criteria Implementation Stage 
Survive in predefined sea conditions 
Stability 
Hull Choice 
Remain stable enough so sensors 
remain submerged 
Hull Choice 
Be fast enough to keep up with 
whatever it is tracking for a period long 
enough to render useful results 
Speed 
Hull Choice 
Windage 
Waterplane area  Maintain enough power to be functional 
24/7 
Hull Choice 
Carry all required equipment 
Size 
Payload 
Hull Choice 
Ensure the solar panel does not get 
fouled 
- Design 
Have capacity for functional expansion - Design 
Table II.1 - Project objectives with matching criteria and implementation stages. 
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III. Literature Review 
III.1 Tracking Methods 
In order to record movement patterns of pelagic fish there are broadly two different tracking 
options available; satellite tags and acoustic telemetry tags.  Both options have the potential to 
record information such as water temperature, depth, light readings and salinity; however the 
methods differ in how they communicate this data. 
III.1.1 Satellite Tags 
There are two broad types of satellite tags available, those that use Argos satellites and those 
that use GPS satellites.  The two location systems work in different ways and have different 
magnitudes of error. 
III.1.1.1 Argos Location Systems 
In the Argos system the tag transmits a signal to a satellite which then uses the signal to 
calculate the tag’s position using the Doppler Effect.  As a satellite moves towards a tag the 
frequency of the signal measured by the satellite is greater than the actual transmitted 
frequency.  Similarly as the satellite moves away from the tag so the signal frequency appears 
lower (Figure III.1) (CLS Group, 2011). 
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Figure III.1 - A satellite moving past an Argos transmitter highlighting the Doppler Effect (CLS Group, 2011). 
When an Argos satellite receives a signal from a tag it records the frequency of the signal and a 
time stamp.  When a number of signals are received in the same signal period (i.e. there have 
been no significant time lapses between signals from the same tag) the satellite calculates the 
position of the tag using the geometric location principle.  
Taking the first and last signals received, and including the speed of light, two cones can be 
drawn the radius of which is the distance the tag was away from the satellite at the time of 
signal transmission. The intersection of these two cones with the terrestrial radius and the tag 
altitude (if known) gives two possible locations of the tag (Figure III.2).  Error calculations are 
performed on each possible location and the one with the least error is submitted as the tag 
location (CLS Group, 2011). 
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Figure III.2 - How the Geometric Location Principle works (CLS Group, 2011). 
Several authors have noted the potential inaccuracies in the Argos System.  Schwartz and Arthur 
(Schwartz, et al., 1999) described the Argos location fixes as having poor accuracy because of 
the inherent manner in which locations are calculated whilst Robinson et al. (Animal Tracking 
ARGOS vs GPS, 2006) quantified the possible location qualities the Argos system can provide as 
ranging from a precision of 150m to tens of kilometres.  
III.1.1.2 GPS Location Systems 
As mentioned in the Section III.1.1.1, the Argos system works when a tag transmits a signal to a 
satellite and the satellite computes possible locations of the tag from this signal.  The GPS 
system works in complete contrast to this. In the GPS system a set of satellites transmit signals 
to a receiver and the receiver computers its position based on these signals.  The way is does 
this is by 3-D Trilateration (Discovery Communications, 2003).  
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3-D Trilateration is the method of intersecting spheres to locate a precise point.  In order to be 
able to calculate its position this way, a tag must be able to receive signals from at least three 
satellites, know the location of each satellite, the distance each satellite is from it, and the time 
each satellite sent its signal.  
The distance each satellite is from the tag is calculated by using the time it took for the signal to 
reach the tag and the speed of light.  By having synchronised clocks the tag can calculate the 
time it took for a signal to reach it by taking the time stamp on the signal and the current time 
on the tag and subtracting one from the other. 
Each satellite follows a well defined orbit and has a unique number transmitted in its signal.  The 
location of each satellite is known by the tag referencing a stored ‘almanac’ of the location of 
each satellite at different times (Discovery Communications, 2003).  When all this information is 
known the tag can start to calculate its position. 
The method of calculating a tags position is as follows.  First the tag calculates the distance it is 
from one satellite (Figure III.3). 
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Figure III.3 - A sphere of possible tag locations from a satellite (Discovery Communications, 2003). 
The tag then calculates the distance it is from a second satellite.  Where these two spheres 
overlap forms a ring of possible tag positions (Figure III.4). 
 
Figure III.4 - Two satellites give an intersecting ring of possible tag locations (Discovery Communications, 2003). 
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By calculating the distance from a third satellite this ring of possible positions becomes two 
points, only one of which will lie on the earth’s surface (Figure III.5). 
 
Figure III.5 - By using a third satellite the ring becomes two points.  Only one point is on earth's surface hence this is 
where the tag is (Discovery Communications, 2003). 
While three satellites are enough (the earth acts as a fourth sphere) a receiver will generally 
look for four or more satellites to improve accuracy and provide precision altitude information.  
GPS does have some errors, for example the calculation of the distance from the satellite 
assumes the signal travels at a constant speed, whilst in reality the signal speed changes as it 
passes through different layers of the atmosphere (Discovery Communications, 2003).  These 
errors are much less than those present in the Argos system though.  Schwartz and Arthur 
(Schwartz, et al., 1999) state that GPS technology offers positional accuracy within 100 m 95% of 
the time, and to 300 meters 99% of the time.  Robinson et al. (Animal Tracking ARGOS vs GPS, 
2006) conclude their results indicate that GPS technology will greatly enhance our ability to 
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understand the movement patterns of marine vertebrates and the in-situ oceanographic data 
they collect. 
GPS tags are less widely used than Argos tags as there are fewer options available to buy and 
they are much more expensive. 
III.1.1.3 Examples of Argos Tags in Whale Shark Research 
Brunnschweiler et al. (Brunnschweiler, et al., 2009) and Wilson et al. (Wilson, et al., 2006) used 
pop-up satellite archival tags (PPT-100; Microwave Telemetry Inc.) to record the diving 
behaviour of whale sharks over a long distance horizontal movement.  This tag is capable of 
recording temperature and pressure readings at 15 minute intervals for the first four months, 30 
minute intervals for the next four months, and hourly intervals thereafter (Microwave Telemetry 
Inc., 2011).  The tag is capable of storing data for over a year before detaching from the fish and 
floating to the surface where it can transmit the data to a satellite (Microwave Telemetry Inc., 
2011).  
Eckert and Stewart (Eckert, et al., 2001) used satellite tags (Type II PPT tags; Wildlife Computers) 
to record movement patterns in whale sharks in the Sea of Cortez.  These tags are designed to 
track the large-scale movements of fish which do not spend enough time at the surface to allow 
the use of real-time satellite tags (Wildlife Computers Inc., 2007).  They use light-level curves, 
combined with standard celestial algorithms to estimate the position of the tag (Wildlife 
Computers Inc., 2007). 
Hsu et al. (Hsu, et al., 2007) used smart position and temperature transmitting satellite tags 
(SPOT 2, Wildlife Computers) to track whale sharks in the Northwest Pacific.  The tag can be 
configured to user specifications (Wildlife Computers, 2006).  For this study date, time, and 
temperature data were recorded up to 16 times per day during the transmission. New data 
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overwrote old data each day if the tag did not break the sea surface or the satellite did not pass 
through the area at that time. Location and other recorded data were transmitted to the 
satellite when the antenna was exposed to the atmosphere. 
One problem with using satellite archival tags for long-term horizontal movement studies is 
premature detachment.  Brunnschweiler et al. (Brunnschweiler, et al., 2009), Eckert and Stewart 
(Eckert, et al., 2001), Hsu et al. (Hsu, et al., 2007), and Wilson et al. (Wilson, et al., 2006) all 
reported a number of tags that either detached too early for any meaningful results to be 
obtained, or never reported.  Whale sharks are of limited number; hence the interest in studying 
their movements.  To have a large percentage of tags that do not give any meaningful data 
(Brunnschweiler et al. (Brunnschweiler, et al., 2009) - 50%; Eckert and Stewart (Eckert, et al., 
2001) – 41%; Hsu et al. (Hsu, et al., 2007) – 25%; Wilson et al. (Wilson, et al., 2006) – 68%) can 
potentially postpone a project for a year, or ruin it all together. 
Another problem with using satellite archival tags, and the problem it is hoped the iSAT project 
will alleviate, is the accuracy of the data acquired.  Brunnschweiler et al. (Brunnschweiler, et al., 
2009) only used longitudinal measurements to calculate the fish’s position as they did not trust 
the latitudinal results.  Of these longitudinal measurements only 75% were available for analysis.  
As Hsu et al. (Hsu, et al., 2007) discuss, the distance travelled is done as a straight line estimate 
between two data points.  It is possible these two points are days apart, and so the accuracy of a 
sharks movements is poor at best.  
III.1.1.4 Examples of GPS Tags in Whale Shark Research 
There is no published data on whale shark tracking using GPS tags.  In 2009 Sims et al. (Sims, et 
al., 2009) used Fastloc GPS tags to track long-term movements, in near real time and position 
accuracy of <70 m, of the world’s largest bony fish, the ocean sunfish Mola mola.  They 
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concluded their research demonstrates the feasibility of GPS tagging to provide tracks of 
unparalleled accuracy for monitoring movements of large pelagic fish. The results signal the 
potential of GPS-tagged pelagic fish that surface regularly to be detectors of resource ‘hotspots’ 
in the blue ocean and provides a new capability for understanding large pelagic fish. 
III.1.2 Acoustic Telemetry 
Acoustic telemetry tags communicate with submerged receivers using sound waves.  By 
encoding the sound waves a tag identification number can be sent and in this way multiple fish 
can be tracked. 
Gunn et al. (Gunn, et al., 1999) used acoustic telemetry tags (Vemco 40 KHz V22TP-01 
transmitter) to track whale sharks at Ningaloo Reef.  By tagging a shark, and then placing a 
hydrophone over the side of the boat, they could follow the shark and using this method they 
achieved a track of 26 hours.  The Vemco tag comes in a variety of sizes with a variety of 
optional sensors (Vemco, 2007). 
A more common way of using acoustic telemetry tags is that used by Marshall et al. (Marshall, 
et al., 2011) to study unicornfish in Guam.  The method uses submerged receivers which record 
tags that pass within the range of their hearing.  Using this method the receivers are collected, 
and the data downloaded, at regular intervals.  This yields a set of data for which individual fish 
came within a certain distance from a receiver and when.  Receivers can ‘hear’ in the range of 
hundreds of metres, meaning this method is practically unusable for large-scale horizontal 
movement tracking as there is no way of guaranteeing a tagged individual will pass within the 
range of the receiver and so vast arrays of receivers at many sites would be required.  The 
method becomes even more unpractical when considering the whale shark as their movement 
patterns and hence locations for receiver arrays are unknown. 
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III.1.3 iSAT Tracking 
For the iSAT project a method similar to that employed by Gunn et al. (Gunn, et al., 1999) is to 
be used.  A triangular array of receivers will be placed underneath iSAT’s hull.  When a signal 
from an acoustic tag is received the time delay between each receiver will allow iSAT to 
calculate the position of the tag and adjust its course accordingly.  By having onboard GPS the 
course of iSAT can be continuously mapped.  In this way it is hoped a long-term, long-range 
permanent track of a whale shark can be achieved.   
The really novel aspect of iSAT is the combination of high resolution acoustic data with real-time 
GPS location data.  This will allow a very high accuracy track of the animal to be compiled. 
In order to understand the potential length of track that can be expected knowledge of the 
whale sharks movements is required (Section III.3).  A range test of the tag to be used is also 
needed.  The tag to be used is a X.X  
 A depth test was performed on 17/02/2011 off the coast of Al Lith, Saudi Arabia.  The tag was 
connected to a 100lb weight tested, 475m length fishing line and then lowered over the side of 
the boat.  A hydrophone was then placed in the water and the tag was lowered until it could no 
longer be heard.  At 475m the tag could still be detected without missing a signal, at which point 
the line connection to the boat broke and the tag dropped to sea floor.  We have no data on the 
depth of the sea at the point of test only that it was greater than 475m, and that whatever 
depth it was, the tag could still be detected. 
A horizontal range test was performed on 19/02/2011 off the coast of Al Lith, Saudi Arabia.  The 
tag was connected to a swimmer who swam first out into the open ocean and then over the top 
of a reef.  When out at open ocean the receiver registered every signal from the tag up to 150m 
distance away.  Between 150m and 250m the receiver increasingly missed signals until at 300m 
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no signals were detected.  When the tag was taken over the top of a reef false signals were 
received due to wave action.  When the tag was in extremely shallow water signals were not 
detectable at a distance of 1m.  Fortunately whale sharks have never been reported to swim 
over similarly shallow areas. 
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III.2 Hull Design 
The design of the hull is vital to the success of iSAT; it will be a major factor in determining 
whether iSAT can achieve its aim.  There are many different types of hull that could be suitable 
for the iSAT project.  The positives and negatives of four potentially suitable hull types, with 
regards to six design criteria, are discussed in this section.  It should be noted that 
characteristics such as size, windage, and waterplane area, are more subject to the actual design 
and less to do with specific hull type, however general statements can be made and are noted 
here for the purpose of comparison. 
III.2.1 Types of Hull 
The four hull types considered for the iSAT project are Monohull, Multihull, Small Waterplane 
Area Twin Hull (SWATH) and surface float. 
III.2.1.1 Monohull 
A monohull boat is the typical design that most people imagine when thinking of a boat. The 
monohull or single-hull boat is perhaps the most common boat design in use today. Used in 
every type of boat design from small sailing boats to the super tankers and freighters on the 
open ocean, the monohull design is a tested and very successful boat type (Kilchermann, 2010).   
 
Figure III.6 - A Riva Speedboat with a monohull cutting through the water (Luxuo, 2010). 
32 
 
 
 
III.2.1.2 Multihull 
Multihulls include catamarans, which have two similar hulls (Figure III.7); and trimarans, which 
have a larger hull in the centre and two smaller ones on either side. The use of multiple hulls 
means multihulls are less prone to sink than monohulls if their hulls are compromised.  
 
Figure III.7 - A typical catamaran hull design (Pfeifer, 2008). 
III.2.1.3 Small Waterplane Area Twin Hull 
Small waterplane area twin hull (SWATH) is a twin-hull ship design that minimizes hull volume at 
the surface area of the sea (Figure III.8). By minimizing hull volume at the sea's surface, where 
wave energy is located, the vessel becomes very stable, even in high seas and at high speeds. 
The bulk of the displacement necessary to keep the ship buoyant is located beneath the waves, 
where it is less affected by wave action, as wave excitation drops exponentially with depth (Byer 
Media, 2009). 
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Figure III.8 – The Sea Shadow, a US Navy SWATH stealth ship (Byer Media, 2009). 
III.2.1.4 Surface Float 
A surface float is a flat hull designed to be lightweight and sit on top of the surface.  Having an 
extremely low profile, and moving with the waves, the float is very hard to capsize and has 
almost no wind resistance.   
Liquid Robotics currently manufactures a commercial wave-powered float for ocean 
observations know as Wave Glider™.  Wave Glider™ is a hybrid sea-surface and underwater 
vehicle in that it is comprised of a submerged “glider” that is attached via a tether to a surface 
float (Figure III.9).  The Wave Glider™ vehicle is propelled by the conversion of ocean wave 
energy into forward thrust, independent of wave direction.  The wave energy propulsion system 
is purely mechanical; no electrical power is generated by the propulsion mechanism.  Two solar 
panels continually replenish the batteries that are used to power the vehicle’s control 
electronics, communications systems, and payloads (The Wave Glider: A Wave-Powered 
Autonomous, 2009). 
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Figure III.9 - Liquid Robotic Wave Glider™ (Hine, 2010) 
III.2.2 Design Criteria 
The six design criteria to be compared for each hull type are stability, speed, windage, 
waterplane area, size, and payload.  In this section each criteria will be discussed and then 
ranked for each hull type to enable a quantitative approach to hull selection.  For the ranking 
section, the symbol ‘>’ represents a more sought after quality.  
III.2.2.1 Stability 
Stability is the resistance to change of position, the ability of a vessel to remain steady and 
balanced.  It is important in the iSAT project as in order to operate in the ocean a vessel is likely 
to have to withstand dynamic sea-surface conditions and impacts from large waves and strong 
winds. 
A monohull is designed to have a pointed bow to cut efficiently through the water (Pike, 2006) 
(Figure III.6).  By slicing through the waves, as opposed to riding on top of them, the boat is able 
to run much more smoothly in rough waters (Kilchermann, 2010).  They are also designed to 
have a large portion of the hull submerged, which enables them to remain more stable in rough 
seas (Pike, 2006).  A monohull has a V-shaped hull design, due to this they tend to tilt to one 
side while sailing (Padilla, 2006).  When the wind is blowing abeam (from one side to the other) 
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monohulls sail heeled over (Kruschandl, 2006).  Wave forces can also cause the vessel to pitch, 
roll, and heave to a large degree (Pike, 2006). 
Multihulls provide a stable platform (Padilla, 2006), (Kruschandl, 2006), (Boatsafe, 2001), 
(Hennigan, et al., 2006), (Kruschandl, 2002), (SWORDFISH: an Autonomous Surface Vehicle for 
Network Centric Operations, 2007) and even have very good stability in rough waters (Padilla, 
2006), (Lupanov, 2006).  The additional hull provides increased stability (Kruschandl, 2006) and a 
modern, cruising multihull heels barely 4-to-6-degrees (Jerman, 2002).  The chance of capsizing 
on a multihull is also much less probable than on a monohull (Padilla, 2006). 
By positioning the buoyant volume of the hull beneath the surface, the SWATH delivers an 
inherently smooth ride (Petrie, 2008).  The SWATH is an ideal design for smaller vessels as it 
provides them with the steadiness associated with much larger ones (encyclopedia.com, 2006). 
A similar project to this one, named Sea-WASP was conducted by the Monterey Bay Aquarium 
Research Institute in association with Santa Clara University and the University of Alaska.  Sea-
WASP used a lightweight SWATH boat design to accomplish stability in waves up to 1 m 
(SeaWASP: A Small Waterplane Area Twin Hull Autonomous Platform for Shallow Water 
Mapping, 2009). 
A pitch comparison between multihulls, monohulls and SWATHs is shown for large waves and 
large vessels in Figure III.10.  This clearly shows that a monohull will pitch more than a multihull 
and a multihull will pitch more than a SWATH.  This is confirmed by many authors who all agree 
monohulls are not as stable as multihulls (Kilchermann, 2010), (Padilla, 2006), (Kruschandl, 
2006). 
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Figure III.10 - Pitch comparison of multihull, monohull and SWATH vessels (Byer Media, 2009). 
A surface float design is inherently unstable, as by its very nature it will pitch and roll 
dramatically with the movement of the waves.  However it is very unlikely a surface float with 
significant weight will capsize, and only at very short wave lengths will a section of the float 
leave the water.  Figure III.11 shows the pitch of a surface float moving in 6 foot waves. 
 
 
Figure III.11 - The pitch of a Surface Float (The Wave Glider, a Unique Platform for Ocean Science, 2010). 
From the pitch angles shown in Figure III.10 and Figure III.11 the four hull types are ranked in 
terms of stability as follows: 
 SWATH > Multihull > Monohull > Surface Float 
57° 
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III.2.2.2 Speed 
Speed is the rate at which a vessel moves.  It is important in the iSAT project as in order to 
perform a long-term track iSAT must be able to at least match the speed of the whale shark at 
all times. 
Monohulls are limited by a maximum hull speed (Padilla, 2006).  To go faster the ship must be 
made longer; however if volume is kept constant, the ship becomes narrower and stability is 
sacrificed (Pike, 2006).  To increase speed and remain seaworthy, faster monohulls must be 
wider, to maintain stability, and lighter, for less resistance (Pipkin Meade Ltd, 2004). 
All the literature agrees that multihulls are faster than comparable monohulls (Padilla, 2006), 
(Kruschandl, 2006), (Pipkin Meade Ltd, 2004), (Jerman, 2002), (Lupanov, 2006), (Boatsafe, 2001), 
(Hennigan, et al., 2006), however there is some disagreement to the extent, with values of 20% 
(Padilla, 2006) and 25% faster (Jerman, 2002) being stated.  There are two key reasons why 
multihulls are faster than monohulls.  Firstly multihulls are less limited by wave drag than 
monohulls as long slender hulls don’t make big waves (Pipkin Meade Ltd, 2004). Secondly they 
have the advantage of lower displacement as they do not need ballast for stability (Pipkin 
Meade Ltd, 2004). 
While a SWATH ship is able to maintain a large proportion of its maximum speed in rough seas 
(encyclopedia.com, 2006), its maximum speed is somewhat limited when compared to a 
multihull (Byer Media, 2009).  A multihull of the same deck area will have slightly higher speed 
in smooth water for the same power than a SWATH (Dubrovsky, 2010).  This is because a 
SWATH operates with the majority of its area and mass underwater, and as water has a higher 
viscosity than air, it takes more power to move at the same speed underwater than in air. 
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Surface floats are designed to use the wave power for propulsion.  By converting the vertical 
motion of the waves into a horizontal motion they can continuously travel with their speed 
dependent on the height and frequency of the waves.  The Wave Glider™ utilises this propulsion 
method and has a speed of between 0.1 and 2.0 knots (Liquid Robotics Inc., 2010).  Compared to 
motorised hulls, surface floats have a very low speed. 
The four hull types are ranked in terms of speed as follows: 
 Multihull > SWATH > Monohull > Surface Float. 
III.2.2.3 Windage 
Windage is a force created on an object by friction when there is relative movement 
between air and the object.  In boating terms it specifically refers to the area and shape of the 
object that make it susceptible to friction.  This can be estimated at the surface area of a vessel 
combined with the frontal shape of the vessel.  It is important in the iSAT project because the 
amount of windage will affect both the speed attainable and the stability of the vessel. 
Every boat has windage, but monohulls typically have less than multihulls (Pipkin Meade Ltd, 
2004).  This is due to the intrinsic design of a multihull causing it to be comparatively tall and 
wide.  Windage affecting a multihull will usually be a function of design; both low and high 
windage designs are easily possible (Gilbert, 2006).  However for similar designs, multihulls 
typically have more windage than monohulls (Pipkin Meade Ltd, 2004). 
The windage of a SWATH is determined primarily by the design, but will be considerably lower 
than the equivalent monohull or multihull as, by definition, the large windage area hulls are 
submerged. 
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A surface float has no discernable hulls and a deck that lies flat to the sea surface.  Hence its 
windage is the lowest possible of any surface vessel. 
Figure III.12 shows an illustrative comparison of windage of the four hull types. 
 
Figure III.12 - Windage cross-sections of equal decking area; a) Surface float, b) SWATH, c) Monohull, and d) 
Multihull. 
The four hull types can be ranked in term of windage as follows: 
 Surface Float > SWATH > Monohull > Multihull. 
III.2.2.4 Waterplane Area 
Waterplane area is the area of horizontal slice through the hull at the sea surface.  It is 
important in the iSAT project because the majority of wave energy is located at the sea surface 
and hence stability and speed of a vessel are directly affected by waterplane area. 
In order to increase speed whilst maintaining stability monohull vessels are long and wide.  This 
means monohull vessels have a proportionally large water-plane area (A New Concept in 
Floating Production Systems, 1984).   
Multihulls are able to utilise long, thin hulls due to their inherently stable design and as such 
have a low waterplane area, leading to low hydrodynamic drag (SWORDFISH: an Autonomous 
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Surface Vehicle for Network Centric Operations, 2007).  The long, thin hulls of a multihull use 
less energy through the water than the wide hull of a monohull (Kruschandl, 2002).   
By the very nature of the design a SWATH will have a smaller waterplane area than any other 
comparable hull.  This is because the hulls are fully submerged and the parts of the vessel that 
passes through the water line are thin connecting beams. 
For a given deck area, the surface float will have the largest waterplane area of all the hull 
designs considered, as the entire deck area will be in contact with the sea surface. 
Figure III.13 shows an illustrative comparison of waterplane area for the four hull types. 
 
Figure III.13 - Waterplane area of equal decking area; a) SWATH, b) Multihull, c) Monohull, and d) Surface Float. 
The four hulls can be ranked in terms of waterplane area as follows: 
 SWATH > Multihull > Monohull > Surface Float. 
III.2.2.5 Size 
Size is the spatial dimensions, proportions or bulk on an object.  It is important in the iSAT 
project because the size of a vessel will affect its speed, stability and what it is able to carry.  The 
deck size of iSAT must be large enough to carry the solar panel and any other necessary deck 
mounted equipment whilst maintaining an ability to move at the required speed and remain 
stable. 
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A monohull has a large deck space (A New Concept in Floating Production Systems, 1984); 
however a monohull has the same volume as a 10ft shorter multihull (Padilla, 2006).  A 
traditional designed monohull is much less roomy than a multihull (Jerman, 2002), however a 
shallow-draft monohull can offer more room, but at a sacrifice of stability and efficiency (Pike, 
2006). 
Multihulls are much roomier than monohull sailboats (Jerman, 2002).  They tend to lack the 
depth of an equivalent monohull, but what multihulls lack in depth they make up for in width, 
which can be convenient in the case of a solar powered boat where a generous beam provides 
space for relatively large solar arrays (Kruschandl, 2006). 
The increased available space on a multihull is something that is always commented upon in the 
literature; the most impressive characteristic of a multihull is the amazing amount of space on 
board for the overall length of the boat (Jeffrey, 2000). 
SWATH offers enormous, large, broad deck area (Byer Media, 2009), (Petrie, 2008).  As a SWATH 
design is, for all intents and purposes, a multihull with the hulls submerged, the deck area will 
be equal to that of a comparable multihull. 
The topside of the surface float provides a large surface area (The Wave Glider, a Unique 
Platform for Ocean Science, 2010) which can be utilised for a variety of cargo, from solar panels 
to sensory equipment. 
The four hulls can be ranked in terms of size as follows: 
 SWATH = Multihull > Surface Float > Monohull. 
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III.2.2.6 Payload 
Payload is the carrying capacity of a vessel, including power source, propulsion equipment, and 
scientific instruments.   It is important in the iSAT project because the vessel must be able to 
carry all necessary equipment in order to meet its objectives and ultimately the project aim. 
Monohulls vessels offer high payloads (A New Concept in Floating Production Systems, 1984), 
with shallow-draft monohulls designed to maximise the available payload (Pike, 2006).  
Multihulls have excellent load-carrying abilities (Lupanov, 2006), and compared to monohulls 
generally have a greater load-carrying ability for a given length of boat (Jeffrey, 2000).  The extra 
deck space of a multihull is ideal to use for cargo and payload (SWORDFISH: an Autonomous 
Surface Vehicle for Network Centric Operations, 2007). 
The purpose for a balanced SWATH ship design is not to minimize ship motions at the expense 
of speed-power or payload capabilities (Byer Media, 2009).  As the hulls are submerged so more 
water is displaced and hence the available payload of a SWATH vessel is greater than that of a 
multihull. 
A surface float can support a variety of payloads that can easily be integrated into the basic 
design (The Wave Glider, a Unique Platform for Ocean Science, 2010).  As the weight of the 
payloads increases, so the surface area of the glider must increase, to displace the required 
water to balance the weight.  
For a given deck area, the four hull types can be ranked in terms of payload as follows: 
 SWATH > Multihull > Monohull > Surface Float. 
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III.2.3 Weighted Matrix 
A weighted matrix is a design technique used to choose between varieties of options for a 
defined set of objectives.  The relative importance of each objective is ranked and the ability of a 
design option to fulfil that objective is given a score.  The two numbers are multiplied together 
for each objective for each design option and then the totals are summed for each design 
option.  The design option with the highest total score is the one best matched to the set of 
objectives defined at the start. 
There are a variety of methods that can be used to score the hull type for each objective and to 
rank the objectives in order of importance.  For the purposes of this project, marks out of 10 
were used to score each hull type for each objective and the objectives were ranked from 1-6, 
with 6 being the most important.  Objectives deemed to have equal importance were ranked 
equally. 
III.2.3.1 Hull Type Scores 
From the ranking orders concluded in Sections III.2.2.1 –III.2.2.6, each hull type was given a 
score out of 10 for each of the different objectives.  The scores are displayed in Table III.1. 
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  Score (out of 10) 
Objective Ranking Order Monohull Multihull SWATH Surface 
Float 
Stability SWATH > Multihull > Monohull > Surface Float 4 7 10 2 
Speed Multihull > SWATH > Monohull > Surface Float 6 10 7 1 
Windage Surface Float > SWATH > Monohull > Multihull 5 2 6 10 
Waterplane 
Area 
SWATH > Multihull > Monohull > Surface Float 4 
 
7 10 1 
Size SWATH = Multihull > Surface Float > Monohull 5 8 8 7 
Payload SWATH > Multihull > Monohull > Surface Float 7 8 9 5 
Table III.1- Ranking order and score for each hull type for each objective. 
III.2.3.2 Objective Rankings 
Table III.2 shows each of the six objectives ranked in order of importance required to achieve 
both the hulls objectives and iSAT’s objectives.  See Appendix A for information of how the ranks 
were decided. 
Objective Rank 
Stability 5 
Speed 5 
Windage 1 
Waterplane Area 6 
Size 3 
Payload 3 
Table III.2 - Rank order of the hull design objectives. 
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III.2.3.3 Final Weighted Matrix 
Using the score from Table III.1 and the rank from Table III.2 a final weighted matrix was 
constructed.  To construct the matrix each objective rank was multiplied by the score out of ten 
it received for each hull type (for example, for the objective ‘stability’,  the monohull would get a 
total of score x rank = 4 x 5 = 20).  The complete matrix is shown in Table III.3.  The final row 
shows the totals, with the highest total being the best match to the objectives set out.  Hence 
for this project a SWATH type hull was the best choice. 
  Score x Rank 
Objective Monohull Multihull SWATH Surface Float 
Stability 20 35 50 10 
Speed 30 50 35 5 
Windage 5 2 6 10 
Waterplane Area 24 42 60 6 
Size 15 24 24 21 
Payload 21 24 27 15 
TOTAL 115 167 178 69 
Table III.3 - Final weighted matrix 
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III.3 Rhincodon typus 
One of the aims of the tracking projects is to develop a deeper understanding of the ecological 
behaviour of Rhincodon typus as it is not well documented, especially not at the fine scale it is 
hoped iSAT will eventually be able to achieve.  However, knowledge of the ecological behaviour 
of R.typus is required to enable specific design criteria for the iSAT to be determined.  Hence, a 
review of the current literature on R.typus behaviour was conducted and current knowledge of 
the speed of the animal, its diving characteristics, and its habitat concluded.  From this review 
data on the speed iSAT will need to reach, the range its acoustic sensors will require and the 
range the boat must be able to travel can be concluded.  
III.3.1 Speed 
It is important to know the average and maximum speed R.typus reaches to design a hull 
capable of achieving a reasonably close cruising speed and to know the limitations of iSAT.  
Speed can be split into two types; short range movements (e.g. moving around a reef, feeding), 
and long range movements (e.g. migration). 
III.3.1.1 Short Range Movements 
By tracking with a motorised boat, keeping the boat at the same speed as the animal, and using 
GPS coordinates, Motta et al. (Motta, 2010) showed R.typus (n=33) to have an average speed of 
1.1m/s when feeding at the surface.  Using acoustic tags Gunn et al. (Gunn, et al., 1999) tracked 
R.typus (n=6) along the edge of a reef and recorded their average speed as ≈0.7m/s.  From 190 
sightings Nelson and Eckert (Nelson, et al., 2007) defined feeding speed as 0.3-1.1 m/s and 
cruising speed at >1.0 m/s.  Reviews by both Colman (Colman, 1997) and Compagno 
(Compagno, 2001) of the current knowledge of R.typus, using data gathered from a reef around 
Australia, concluded that the average speed around a reef is 0.1-1.5 m/s.   
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III.3.1.2 Long Range Movements 
Brunnschweiler et al. (Brunnschweiler, et al., 2009) received 87 days of data from a pop-up 
satellite archival tag and using this calculated the horizontal speed between consecutive daily 
longitude estimates, for a total distance of 1200 km, to be a maximum of 1.7 m/s with a median 
of 0.2 m/s.  Eckert and Stewart (Eckert, et al., 2001) used satellite-linked radio transmitters to 
track R.typus (n=14) and concluded speeds from 0-1.1 m/s over distances of 23.3-12620 km and 
time periods of 1.1-1144 days.  Hsu et al. (Hsu, et al., 2007) used smart position or temperature 
transmitting tags to follow R.typus (n=3) for distances of 3121-5896 km and recorded an average 
speed of 0.35 m/s and a maximum speed of 3.8 m/s.  Wilson et al. (Wilson, et al., 2006) used 
pop-up archival tags to gather data of R.typus (n=6) and recorded a maximum average speed of 
0.3 m/s over 1500 km. 
III.3.1.3 Summary and Discussion 
Summarising all the literature discussed above (Table III.4)  it can be concluded that whether 
R.typus are moving over short or large distances, their average speed remains fairly slow 
(around 1.2 knots) however, for short times, they can accelerate to much faster maximum 
speeds. 
It should be commented that most of the speed calculations are done in horizontal distance 
point-to-point measurement and do not take into account any depth change over the time or 
any deviations off a straight line.  As such all of these speeds are minimum possible speeds and 
it is likely R.typus can exceed these speeds by a fair amount.  For the purposes of designing iSAT 
there is little interest in the depth of the shark (so long as it does not dive out of acoustic range) 
and so it is only the path deviations which must be accounted for in the speed figures. 
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 Speed (knots) 
 Average Maximum 
Source Short 
Distance 
Long 
Distance 
Short 
Distance 
Long 
Distance 
Motta et al. (Motta, 2010) 2.1 - - - 
Gunn et al. (Gunn, et al., 1999) 1.4  - - 
Nelson and Eckert (Nelson, et al., 
2007) 
0.6 – 2.1 >2.1 - - 
Colman (Colman, 1997) 0.2 – 3.0 - - - 
Compagno (Compagno, 2001) 0.2 – 3.0 - - - 
Brunnschweiler (Brunnschweiler, et 
al., 2009) 
- 0.4 - 3.3 
Eckert and Stewart (Eckert, et al., 
2001) 
- 0 – 2.1  - - 
Hsu et al. (Hsu, et al., 2007) - 0.7 - 7.4 
Wilson et al. (Wilson, et al., 2006) - 0.6 - - 
Table III.4 - Summary of whale shark speeds from literature 
III.3.2 Diving Characteristics 
The diving characteristics of R.typus are well documented in the literature, with multiple studies 
tagging the fish using archival tags that record properties such as light, temperature and 
pressure, which can be used to calculate the fish’s depth.  It is important to know the diving 
characteristics to give the user of iSAT an idea of the range of acoustics required to provide a 
reasonable tracking time period. 
49 
 
 
 
III.3.2.1 Diving Regularity 
Using satellite tags Motta et al. (Motta, 2010) estimated that R.typus spend an average of 7.5 
h/day within 0-1m depth.  Brunnschweiler et al. (Brunnschweiler, et al., 2009) used data from an 
archival tag (n=653, where n is the number of data points) to conclude the tagged shark spent 
>90% of its time at depths between 0 and 20m.  From a second tag (n=7262, where n is the 
number of data points) they found the fish spending 79.6% of its time at depths shallower than 
100m with 60% of its time spent between 0-10m (Figure III.14). 
 
Figure III.14 - a) the distribution of time spent at depth for a tagged shark; b) the distribution of time spent within 
the first 100m (Brunnschweiler, et al., 2009) 
Eckert and Stewart (Eckert, et al., 2001) recorded data on time spent at various depths from 
four whale sharks.  During a 24h period the sharks spent >80% of their time at depths of less 
than 10m however they also made significantly deeper dives during that time (Figure III.15). 
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Figure III.15 - Depth recordings from four whale sharks a) full depth range; b) enlarged 40-240m range (Eckert, et 
al., 2001) 
Gunn et al. (Gunn, et al., 1999) tracked an acoustically tagged shark for 3h 41min.  During the 
track the shark spent ≈53% of its time on or near the surface and made 10 dives, most of them 
to near the bottom (≈20-70m).  Using the same method they tracked another shark for 26h.  
Overall the shark spent 52% of daylight hours at or near the surface and 73% during the night.  
Again this shark made regular dives, both to mid-water and to near the bottom.  The proportion 
of time this shark spent at different depths is shown in Figure III.16; the longest time it spent 
away from the surface was ≈3.5h. 
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Figure III.16 - Proportion of time spent at different depths (Gunn, et al., 1999). 
From pop-up archival tag data of 6 whale sharks Wilson et al. (Wilson, et al., 2006) recorded that 
they spent >40% of their time in the upper 15m of the water column and >50% of their time at 
depths ≥30m.  Overall they found the sharks spend ≈1% of their time at depths >300m.   
III.3.2.2 Maximum Depth 
The maximum dive depth of R.typus is not well known.  The literature cites many different 
depths that shark has been recorded reaching, however in many cases the depth recorded is the 
maximum depth the tag is capable of, and so the shark could be diving much deeper.  
Brunnsweiler et al. (Brunnschweiler, et al., 2009) recorded sharks diving well into the 
mesopelagic and bathypelagic zones, to depths of 1264 and 1092m in a single track (Figure 
III.17), and recorded one shark diving to the maximum tag depth of 1286m.   
52 
 
 
 
 
Figure III.17 - Depth records from a whale shark tag (Brunnschweiler, et al., 2009). 
Eckert and Stewart (Eckert, et al., 2001) used water temperature recording tags to conclude that 
whale sharks spend possibly substantial amounts of time at depths greater than 240m.  Wilson 
et al. (Wilson, et al., 2006) monitored R.typus make extensive vertical movements in both 
offshore and inshore habitats.  The maximum depth they recorded was 980m (Figure III.18). 
 
Figure III.18 - Depth records from a whale shark tag (Wilson, et al., 2006). 
III.3.3 Range and Habitat 
From recorded sightings and several studies it is believed the whale shark range is circumglobal 
in all tropical and warm temperate seas, and it inhabits both coastal and oceanic waters 
(Compagno, 2001).  However, the movements between regular times of sightings are not well 
known.  This information is vital in order to protect this endangered species and as such many 
researchers cite this lack of knowledge of the habitat (Brunnschweiler, et al., 2009) (Eckert, et 
al., 2001) (Hsu, et al., 2007) (Wilson, et al., 2006) (Burks, et al., 2006) (Australian Government 
Department of the Environment and Heritage, 2005). 
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III.3.3.1 Habitat Areas 
Whale sharks are known to have regular aggregations in many different regions, from Ningaloo 
Reef in Australia (Gunn, et al., 1999), to the Sea of Cortez, South-East Asia (Brunnschweiler, et 
al., 2009), to the Galapagos Islands (Colman, 1997), to the Red Sea (Michael Berumen, personal 
communication).  In his 2001 review on the current knowledge of the whale shark, Compagno 
(Compagno, 2001) listed approximately 124 countries known for sightings of whale sharks.  
From this he created a map highlighting the suspected habitat area of R.typus (Figure III.19). 
 
Figure III.19- Suspected range of R.typus based on recorded sightings (Compagno, 2001). 
New Zealand was not highlighted by Compangno (Figure III.19), but in 2002 Duffy (Duffy, 2002) 
published results from 36 sightings of whale sharks off the New Zealand coast.  This showed that 
the whale shark range is perhaps even greater than imagined and so, whilst Figure III.19 can 
serve as a guide to that range of the animal, it can by no means be considered its limits. 
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III.3.3.2 Range 
Whilst many sightings of the whale shark have been made, there is limited knowledge of the 
movement of a shark once it leaves an area.  A few studies have attempted to provide data on 
this.  Perhaps the most detailed study was by Eckert and Stewart in 2001 (Eckert, et al., 2001) 
who successfully received data from 10 sharks tagged in the Sea of Cortez.  Their results clearly 
showed a variation in the movement patterns of the whale sharks which suggested that they do 
not remain as an aggregation permanently.  Of the 10 sharks tagged four moved north, at least 
two travelled south, and at least three travelled substantial distances west, one shark covering 
over 12,000km in 37 months.  
A potential problem with this data is that the fate of the tag recorded for 37 months is 
unknown.  Hence it could have become detached at any point during the track and the data just 
be a recording of the tag floating in the open ocean currents.  This is a point made by 
Brunnschweiler et al. (Brunnschweiler, et al., 2009) when discussing the 12,000km track by 
Eckert and Stewart (Eckert, et al., 2001).  They claim that their 1200km track is one of the 
longest whale shark tracks where the geographic movements of the fish can be determined with 
a high degree of certainty. 
One can, however, be fairly certain that whale sharks do make long range movements.  Aside 
from the data given by Eckert and Stewart (Eckert, et al., 2001) and Brunnschweiler et al. 
(Brunnschweiler, et al., 2009), further data by Hsu et al. (Hsu, et al., 2007) (tracks of 5896, 3732, 
and 3121km) and Wilson et al. (Wilson, et al., 2006) (track of 1501km) all provide tracks in the 
thousands of kilometres. 
From the literature, the most common suggested reason for these long range movements is to 
follow productivity events, such as algal blooms and spawning events (Colman, 1997) 
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(Compagno, 2001) (Eckert, et al., 2001) (Wilson, et al., 2006) (Duffy, 2002).  In the same manner 
the same authors suggest the region’s most common for sightings are usually areas of 
oceanographic features such as upwelling, boundary currents, and fronts that enhance pelagic 
productivity. 
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III.4 Sea States of the Red Sea 
Sea state is a numerical scale representing the condition of the sea from data including wind 
speed and wave height.  In order for iSAT to be able to operate 24 hours a day, all year round, it 
must be able to function in all sea states it is expected to experience. 
Woods Hole Oceanographic Institution (WHOI) deployed an oceanographic buoy off the coast of 
Thuwal, Saudi Arabia (22.160633 N, 38.501150 E) in 2008 and collected a continuous set of sea 
state data through to 2010, in total 652 days of data was collected.  For each day readings were 
taken once an hour and in total there were 24 readings per day.  The source of the data was the 
Wave and Meteorological Data Acquisition System (WAMDAS) sensor on the deployments.  The 
data was realised by one of two means: raw data direct from the sensor downloaded after 
recovery; and processed data telemetered via National Buoy Data Centre (NDBC) during the 
deployment.  The download data was limited by the directory structure of the data storage 
system, only 256 days worth of data could be recorded before the directory was full (Rae, 2011).   
The wave height data has been averaged for each day of the year and each year has been 
plotted comparatively (Figure III.20) to give an average daily wave height.  Using the Beaufort 
Scale (The Met Office, 2001) these wave heights can be described as sea states.  Table III.5 
presents the minimum, maximum and average wave heights and their corresponding sea states 
throughout the deployment. 
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 Wave Height (m) Sea State Date Recorded 
Maximum 4..46 5-6 09-May-2009 
Minimum 0.09 1 17-Dec-2009 
Average 0.92 3 - 
Table III.5 - Wave heights and sea states of the Red Sea (Rae, 2011). 
To ensure iSAT can be operated as often, and for as long, as practically possible it has been 
decided it must be able to operate fully in sea states up to and including the maximum average 
sea state and it must be able to survive up to and including the maximum sea state recorded.  
From the data presented in Table III.5 it can be concluded that iSAT must be able to: 
 Be fully operational in sea states up to and including Sea State 3, 
 Be able to survive in sea states up to and including Sea State 5-6. 
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Figure III.20 - Average Daily wave height data from Red Sea buoy (Rae, 2011). 
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III.5  Summary 
From the data presented in the literature review a set of specific criteria that the iSAT must 
achieve was created.  
iSAT must: 
 Be able to maintain a constant average speed of at least 1.2 
knots. 
- Section III.3.1.3 
 Be able to accelerate in short bursts to speeds in excess of the 
average speed. 
- Section III.3.1.3 
 Have a hull of a SWATH design. - Section III.2.3.3 
 Be able to maintain performance in sea states up to and 
including sea state 3 
- Section III.4 
 Be able to survive in sea states up to and including sea state 
5-6 
- Section III.4 
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IV. iSAT Mk1 
IV.1 Properties 
 
 
Figure IV.1 - iSAT Mk1 
The hull of iSAT Mk1 (Figure IV.1) is 1.83m long and 0.61m wide.  With the additional framework 
it has a maximum width of 1.2m and a maximum depth of 0.35m.  The masses of the various 
components of iSAT Mk1 are shown in Table IV.1. 
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Component Mass (kg) 
Hull and framework 16 
Solar panel 7.5 
Batteries 2.5 
Electronics 0.5 
Total 26.5 
Table IV.1 - Mass properties of iSAT Mk1 components 
The total displacement of iSAT Mk1 is 26.5kg or 58.3lb. 
The solar panel used for calculations of iSAT Mk1 electronics is a SolarLand Slp85-12.  This can 
provide a maximum power of 85W with a maximum current of 4.94A. 
iSAT Mk1 is powered by two 12v Rule 25D Bilge pumps. 
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IV.2 Performance Calculations 
The thrust required to reach the speed of 1.2 knots specified in Section III.3.1.3 can be 
calculated using formula provided by Sponberg in The Design Ratios (Sponberg, 2010). 
Using a rearranged version of Crouch’s formula it can be shown that: 
 
           
 
 
 
 
 
 
Equation 4.1 
Inputting the weight calculated in Section IV.1, the velocity of 1.2 knots, and a coefficient value 
of 150 for an average runabout boat (Sponberg, 2010), gives: 
 
          
   
   
 
 
          
 
Equation 4.2 
The thrust, in pounds, is calculated by converting the shaft horsepower and velocity to imperial 
units and then dividing one by the other: 
 
  
       
    
      
 
          
    
        
           
 
Equation 4.3 
This can be converted to metric units by dividing by a factor: 
 
   
 
   
 
      
   
          
 
Equation 4.4 
However this value is assuming 100% efficiency in the motor, and hence a more realistic value is: 
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Equation 4.5 
 
So for the hull used in iSAT Mk1, fully laden, a speed of 1.2 knots should be achievable with a 
thrust of 0.6kg. 
These calculations have some limitations when applying them to such a small vessel.  There is no 
defined boat type coefficient for small vessels and this value can have a significant effect on the 
results.  However the calculations did provide a good base for design and gave a feel of the 
values that need to be achieved in order for iSAT to fulfil its objectives.  In order to provide more 
accurate numbers for design criteria a series of tests were performed on iSAT Mk1.  Comparing 
the outcomes of these tests with the results from the calculations provided an indication of the 
accuracy of the equations in this situation. 
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IV.3 Testing 
IV.3.1 Designs 
Before tests can be conducted on iSAT Mk1 some components and test rigs needed to be 
designed and manufactured. 
IV.3.1.1 Motor Fixing Components 
The initial design for the iSAT Mk1 included fixing beams to attach the electronic, solar panel 
and motors to.  However the design was incomplete and to begin testing the Mk1 some 
components needed to be designed and manufactured. 
Missing from the original design was a method of connecting the motor housing units to the 
fixing beams.  The motor housing unit (Figure IV.2) was designed as a circular plastic ring to sit 
around the propeller blade and protect it from fouling.  
 
Figure IV.2- Drawing of a iSAT Mk1 motor housing unit. 
The fixing beams (Figure IV.3) were stainless steel with 7 fixing holes, each 30mm apart, to allow 
the motor housing to be placed at various points along the beam.   
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Figure IV.3 - Drawing of the iSAT Mk1 fixing beams. 
To enable attachment of the motor housing to the fixing beams, two components were 
designed.  One sits on the outside of the motor housing and one on the inside.  The inside 
component has a threaded hole, a bolt then runs through the entire things securing the motor 
housing to the fixing beams.  The components are shown in Figure IV.4, with assembly drawings 
shown in Figure IV.5 and Figure IV.6. 
 
Figure IV.4 - Drawing of the iSAT Mk1 motor housing attachment components. 
 
Figure IV.5 - Exploded drawing of the iSAT Mk1 motor housing attachment to the fixing beams. 
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Figure IV.6 - Drawing of the assembled iSAT Mk1 motor housing and fixing beams. 
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IV.3.1.2 Motor Test Rig 
In order to test the force output of the motors used in iSAT Mk1, and of any motors chosen for 
future use, a universal test rig needed to be designed that could mount a submerged motor and 
provide a consistent platform for testing. 
The design chosen was that of a simple beam and pivot.  The motor would provide a force 
pulling one side of the pivot down, this in turn pulls on a force meter attached to the other side 
of the pivot.  This is shown in Figure IV.7. 
 
 
Figure IV.7 - Motor test rig design with cut away water tank to show motor attachment point. 
Using this test rig the force the motor supplies is obtained using simple moment calculation 
based on the distance to the pivot of the motor and the force meter.  Using the notation 
displayed in Figure IV.8 the formulae to obtain the force are as follows: 
Pivot point 
Water tank 
Motor 
attachment 
Force 
meter 
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Equation 4.6 
 
 
       
        
 
 
Equation 4.7 
 
 
 
Figure IV.8 - Dimensions and forces map of the test rig. 
The test rig was designed with dimensions ‘x’ and ‘y’ at exact lengths at a ratio of 3:1.  Due to 
this Equation 4.7 can be written simply as: 
        
 
 
       Equation 4.8 
The overall force given to the boat by the motors is then simply this value of Fmotor multiplied by 
the number of motors on the boat. 
x y 
Fmotor 
Fmeter 
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IV.3.2 Tests 
Test Number:   1  Test Date:  09/03/2011   Location:  CMRCL docks  
Present at test:  Gareth Llewellyn,    Masters Student and chief mechanical engineer on project. 
   Lloyd Smith,              CMRCL engineer and chief electronics engineer on project. 
   Pedro de la Torre,    Masters Student and chief software engineer on project. 
   Jesse Cochran,          Master Student and chief shark expert on project. 
 
Test Description:    First wet test of iSAT Mk1.  Test is to determine an estimate of the 
maximum speed iSAT Mk1 can achieve and the current it draws whilst 
doing this. 
 
Test Results:   At maximum speed iSAT Mk1 travelled 5.8 metres in 14.8 seconds, 
giving it a speed of around 0.76 knots.  Whilst operating at maximum 
speed iSAT Mk1 was drawing a current of 6.4 amperes. 
 
Comments: The test is only designed to give an indication of the current-speed 
relationship.  If more accuracy is deemed necessary a more controlled 
test must be performed.  Inaccuracies in this test resulted from; the 
angle iSAT Mk1 moved through the water, the resistance of the 
holding ropes, and the position of the weights on the boat. 
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Figure IV.9  iSAT Mk1 being weighted before a test run- 
 
Figure IV.10 – iSAT Mk1 being aligned in the centre of the channel 
 
Figure IV.11 – Weighted iSAT Mk1 being moved into position 
71 
 
 
 
 
Figure IV.12 – iSAT Mk1 moving along the channel 
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Test Number:   2  Test Date:  18/04/2011  Location: Swing Labs Bldg 2   
  
Present at test:  Gareth Llewellyn,    Masters Student and chief mechanical engineer on project. 
    
Test Description:    Test of motor thrust using force meter.  The motor will be mounted on 
a test rig and run at a range of voltages.  An attached multimeter and 
force meter will then give the current and thrust at each voltage.  The 
test will be run three times at each voltage and then an average result 
taken. 
 
Test Results:   Voltage (V) Current (A) Thrust (kg) 
Test Number = 1 
0.00 0.00 0.00 
1.00 0.38 0.00 
2.00 0.73 0.03 
3.00 1.09 0.05 
4.00 1.49 0.07 
5.00 1.89 0.09 
6.00 2.26 0.13 
7.00 2.61 0.15 
8.00 2.96 0.17 
9.00 3.03 0.19 
10.00 3.08 0.18 
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11.00 3.10 0.18 
12.00 3.10 0.18 
 Test Number = 2 
0.00 0.00 0.00 
1.00 0.38 0.00 
2.00 0.67 0.02 
3.00 1.02 0.04 
4.00 1.39 0.06 
5.00 1.79 0.09 
6.00 2.18 0.12 
7.00 2.54 0.13 
8.00 2.80 0.17 
9.00 2.98 0.17 
10.00 3.05 0.17 
11.00 3.09 0.18 
12.00 3.10 0.18 
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 Test Number = 3 
0.00 0.00 0.00 
1.00 0.38 0.00 
2.00 0.66 0.01 
3.00 1.00 0.03 
4.00 1.36 0.06 
5.00 1.71 0.09 
6.00 2.08 0.11 
7.00 2.44 0.17 
8.00 2.72 0.16 
9.00 2.96 0.17 
10.00 3.04 0.17 
11.00 3.08 0.17 
12.00 3.10 0.18 
 Average Results 
0.00 0.00 0.00 
1.00 0.38 0.00 
2.00 0.69 0.02 
3.00 1.04 0.04 
4.00 1.41 0.06 
5.00 1.80 0.09 
6.00 2.17 0.12 
7.00 2.53 0.15 
8.00 2.83 0.17 
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9.00 2.99 0.17 
10.00 3.06 0.18 
11.00 3.09 0.18 
12.00 3.10 0.18 
 
 
 
Figure IV.13 – Current v thrust curve for iSAT Mk1 motor 
 
Comments: The results (Figure IV.13) show a smooth ‘S’ shaped curve with a 
central linear section.  As the current is increased so the thrust 
increases up to a maximum where the curve looks like it is beginning 
to level off.  The motor is rated to 12v and the maximum thrust 
reached in this range was 0.18kg.  It must be noted that there will be 
some resistance in the test rig and that the accuracy of the thrust 
meter is ±0.02kg. 
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Figure IV.14- The test rig with the motor attached 
 
Figure IV.15 - The full test set up 
The full test setup, shown in Figure IV.15 includes: 
 Current measurement - Fluke 289 True RMS Multimeter 
 Voltage supply - BK Precision 9120A Single Output Programmable DC Power Supply 
 Thrust measurement - OCS-20A Hanging Scale 
 Test rig 
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Test Number:   3  Test Date:  25/03/2011  Location: Thuwal harbour   
  
Present at test:  Gareth Llewellyn,    Masters Student and chief mechanical engineer on project. 
    Lloyd Smith,             CMRCL engineer and chief electronics engineer on project. 
  
Test Description:    Drag test of the hull.  The hull will be towed behind a boat travelling at 
a known speed.  In the tow line a thrust meter will be attached.  The 
thrust displayed on the meter will be the force required to make the 
MKI travel at the set speed.  The test will be carried out at various 
speeds and in both a leeward and windward direction.  Different 
amounts of weight will be added to the hull. 
 
Test Results:   Windward Leeward 
Speed (km/h) Force (kg) Speed (km/h) Force (kg) 
Extra weight = 0lb 
2.10 1.26 3.70 1.70 
4.80 3.68 4.60 2.44 
6.30 7.00 6.00 4.80 
    
Extra weight = 12lb 
2.30 1.32 3.30 1.46 
4.90 4.70 5.10 4.16 
6.10 8.30 6.00 5.50 
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Extra weight = 24lb 
1.80 1.20 4.00 2.40 
5.10 4.90 5.30 4.70 
6.50 9.20 6.90 8.30 
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Comments: In both graphs the blue line is with 0lbs added, the red line with 12lbs 
and the green line with 24lbs.                                                                                
From the Windward and Leeward results it is clear that more speed is 
gained per kg of thrust when moving leeward than windward.  This is 
an expected result.  It can also be seen from both graphs that a lighter 
vessel (i.e. when no extra weight is added) moved faster per kg of 
thrust but that when extra weight was added there was very little 
difference in speed.  It could be concluded that above a certain added 
weight there is no difference in speed – thrust ratio until a maximum 
added weight is reached, but more testing would need to be carried 
out to confirm this. 
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Figure IV.16 - Lining iSAT Mk1 up behind the boat 
 
Figure IV.17 - Setting the tow boat speed 
 
Figure IV.18 - A reading from the thrust meter 
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Figure IV.19 - The tow rope and thrust meter in series 
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IV.3.3 Test Results and Conclusions 
Initially, Test 1 was conducted to discover the performance of iSAT Mk1.  The test data is given 
in Section IV.3.2 and from this it was calculated that the maximum speed iSAT Mk1 reached was 
0.76 knots and to do this it was drawing 6.4 amps.   
From the literature review it has been decided that iSAT will need to maintain a constant speed 
of 1.2 knots, so clearly iSAT Mk1 is not performing well enough.  The electronics to be used on 
iSAT have been designed to supply a constant current of 2 amps; again it is clear iSAT Mk1 is not 
performing to the required specifications.  There are three possible reasons for this low speed 
and high current; 1) the motor is not providing enough thrust, 2) the hull is providing too much 
drag, 3) a combination of the two. 
In order to determine how much thrust the motor can supply Test 2 was conducted.  The test 
data is given in Section IV.3.2 and from this is was calculated that at the desired current of 2 
amps the motor provided 0.11kg of thrust.  
In order to determine how much thrust is required to move the hull at the required speed of 1.2 
knots Test 3 was conducted.  The test data is given in Section IV.3.2 and from this it was 
calculated that for iSAT Mk1 to travel at 1.2 knots requires a thrust of 1.6kg. 
To move iSAT Mk1at the necessary speed requires 1.6kg of thrust and the current motors can 
provide 0.11 kg of thrust.  This is a large difference, with the current design the motors would 
need to be almost 15 times more powerful to supply the necessary thrust.  There are two key 
reasons for this large gap in performance-requirements.  Firstly the motor used is a modified 
bilge pump with a model propeller attached.  If iSAT Mk2 is to achieve reasonable levels of 
thrust then it requires purpose designed marine grade thrusters with published current-thrust 
data to enable a hull to be designed around it.  Secondly the hull performance was extremely 
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hampered by the framework used to mount the motors and sonar receivers.  The calculations 
performed in Section IV.2 suggest that a hull speed of 1.2 knots should require around 0.6 kg of 
thrust.  Although there are limitations in the calculations (discussed in Section IV.2) the large 
difference suggests the bluff design of the framework (Figure IV.1) has added considerable drag.  
This needs to be taken into account when designing iSAT Mk2. 
In conclusion the motors did not provide enough thrust and the hull had too much drag, iSAT 
Mk1 failed to achieve the first two criteria set out in Section III.5.  iSAT Mk2 was therefore 
designed with the aim of trying to marry the thrust provided and thrust requirements 
somewhere in the middle, i.e. the aim was to find motors that supplied around 0.8kg of thrust 
and design a hull that requires around 0.8kg thrust to move at 1.2 knots. 
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V. iSAT Mk2 
V.1 Design Process 
From the criteria concluded in Section III.5 the second version of iSAT was to be designed as a 
SWATH vessel.  Without access to boat design software (for such a small and unusual vessel it is 
debatable whether this would have helped anyway) the design was done by trial and error using 
engineering judgement and knowledge to come up with a final design believed to be capable of 
fulfilling the original objectives set out in Table II.1. 
In order to reach this final design an initial design was completed.  This was then analysed in 
various conditions, weaknesses identified and the design modified to overcome the identified 
weakness.  The process was an iterative one and is shown in Figure V.1. 
 
Figure V.1 - iSAT Mk2 iterative design process 
Inital Design
Is pitch due to a strong side 
wind acceptable?
Is pitch due to a strong front 
wind acceptable?
Is reaction to large waves 
acceptable?
Are there any other potential 
problems with the design?
Final design
no 
no 
no 
yes 
yes 
yes 
no 
yes 
85 
 
 
 
V.2 Initial Design 
The main advantage of a SWATH vessel is a lack of resistance at the waterline, due to a small 
waterplane area, leading to an increase in speed.  Hence the initial design is aimed to maximise 
this property.  In the theory of SWATH design (Section III.2.1.3) the majority of the weight of the 
vessel should be placed as far underwater as possible and the vessel should be at least three hull 
diameters below the waterline.  Using this information an initial design was composed (Figure 
V.2).  
 
Figure V.2 - iSAT Mk2 inital design 
The key features of this design and the reasoning for them are shown in Table V.1 
 
 
 
 
 
Water line 
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Key Feature Reason for Feature 
Angle of side panels The side panels were chosen to be of standard size and the angle chosen 
to place the hulls at what was believed to be the optimum depth below 
the waterline. 
Shape of hulls The hull shapes were chosen as ideal torpedo shapes to reduce drag on 
the boat. 
Lower cross beams The cross beams between the hulls were chosen to increase the boats 
resistance to shape deformation, in particular from wave and current 
forces. 
Material Carbon fibre was selected to maximise the balance between strength 
and weight. 
Size of hulls The hull size was chosen to enable the majority of electronics and 
batteries to be placed inside the hulls and also to provide the correct 
buoyancy to hold the boat at the correct level in the waterline. 
Waterline The waterline level was chosen to allow smaller waves to pass 
underneath the vessel whilst the vessel also maintains a low profile to 
reduce wind forces. 
Table V.1 - Key features and reasoning for iSAT Mk2 initial design 
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V.3 Design Modifications 
After running through the design process for the initial design, a number of key problems were 
identified: 
1. A strong front wind could cause the boat to pitch to such an angle that the wind could 
begin to act on the under face of the top panel, a large area which would act very much 
as a sail and make it very difficult for the boat to maintain required speed or course 
(Figure V.3).   
2. A strong side wind could cause serious deviation of path due to the large, flat shape of 
the side panels. 
3. A change in water level will barely increase the buoyancy due to the small cross-section 
of the panels and so waves will swamp the boat meaning GPS communication in rough 
seas could be greatly reduced. 
 
Figure V.3 - iSAT Mk2 initial design front wind pitch 
By taking these problems, modifying the design to solve them, and going through the iterative 
process to identify any other problems the final design was created. 
        wind 
Water line 
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V.4 Final design 
The final design is still a SWATH design but has incorporated a back-up surface float style (Figure 
V.4).  In this way when the sea is calm the boat will be able to utilise its small waterplane area 
and travel at a higher velocity, whilst in rough seas, rather than being submerged continuously 
as is believed the initial design would have been, the waves will contact a large float and the 
boat will ride the waves, much like a surface float.  The additional buoyancy provided by the 
float should also mean pitch from the wind is reduced to such an angle that the wind cannot get 
underneath the vessel to act on the bottom face of the float. 
Cut out sections have been added to the side panels for two reasons.  Firstly when a side wind is 
present there is a much reduced surface area for it to act over.  Secondly waves moving 
perpendicular to the vessels travel direction have less area to act over and should reduce 
unwanted course deviation. 
It is believed this design should meet all the design objectives set out in Section II  and the more 
detailed specifications summarised in Section III.5.  
 
Figure V.4 - iSAT Mk2 final design 
Water line 
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VI. Future work 
Future work on this project should revolve around the building and testing of a prototype of the 
final design (Figure V.4).   
Once manufactured the prototype should be subjected to a drag test at a variety of velocities 
(see Test Number 3).  Once these results have been plotted then a required thrust to achieve 
the require speed of 1.2 knots discussed in Section III.3.1.3 can be found. 
The motors to be used then need to be tested on the test rig (Figure IV.7).  If the thrust the 
motors provide matches the required thrust then live ocean tests are the next stage.  These 
tests need to be designed to test the durability of the iSAT Mk2, what conditions it will survive in 
and ultimately what conditions cause it to fail.  Once this has been clarified then a full 
knowledge of the capabilities and limitations of iSAT will be known. 
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